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GoethiteAbstracts In this research, dielectric barrier discharge plasma was developed to cooperate with
goethite for removing caffeine in aqueous solution. Goethite was characterized by X-ray diffraction
and scanning electron microscopy. The effects of input power, initial concentration and catalysts
concentration on the removal efﬁciency of caffeine were evaluated. Furthermore, the degradation
pathways of caffeine were also discussed preliminarily. In the case of caffeine concentration at
50 mg L1, the degradation efﬁciency of caffeine was improved from 41% to 94% after 24 min
on the conditions of input power of 75 W by combining goethite catalysts (2.5 g L1), while the
energy efﬁciency could be enhanced 1.6–2.3 times compared to the single DBD reactor. The reac-
tion mechanism experiments demonstrated that attack by hydroxyl radical and ozone was the main
degradation process of caffeine in aqueous solution. These studies also provided a theoretical and
practical basis for the application of DBD-goethite in treatment of caffeine from water.
 2016 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Caffeine (C8H10N4O2) is one of the most consumed stimulat-
ing substances, being present in cola drinks, coffee, tea and
energy drinks [1]. Caffeine has a high water solubility (Ks valueis more than 10,000 mg L1) and low octanol–water partition
coefﬁcient, which make it easy to dissolve in aqueous environ-
ment [2,3]. Due to the low efﬁciency of conventional wastewa-
ter treatment process, caffeine has been detected in many
surface water and ground water. Caffeine has been found at
concentrations of respectively 0.03 to 1.28 nmol L1 in
Switzerland [4], while concentrations of 0.05 to 0.5 nmol L1
were found in Germany [5]. Caffeine is also detected in
groundwater with concentrations ranging from 0.05 to
1.2 nmol [6]. Many treatment technologies are introduced to
remove caffeine from wastewater, including activated carbon
adsorption, biodegradation, ozonation, photo-Fenton,
photo-oxidation, electrochemical oxidation, and photo-urnal of
2 J. Wang et al.electrolysis [7–9]. However, the low efﬁciency, incomplete
degradation, and high energy consumption limit the wide
application of these technologies.
Non-thermal plasma (NTP) has been reported as efﬁcient
technique for the removal of pollutants in air, but this tech-
nique was not applied until now for the removal of water pol-
lutants on a large scale [10,11]. Reddy et al. [12] combined
CeO2, Fe2O3/CeO2 and ZrO2/CeO2 catalysts with non-
thermal plasma reactor for the degradation of phenol in water.
The results conﬁrmed that mineralization of phenol was
enhanced by the catalyst addition up to 43.7%. The similar
results were obtained on the removal of a model pharmaceuti-
cal compound sulfamethoxazole (SMX) [13], it had been
observed that ZrO2/CeO2 promoted the degradation and min-
eralization of SMX. They [14] also designed a dielectric barrier
discharge reactor for the degradation of crystal violet and
investigated effect of several operating parameters on the
removal efﬁciency. Among these techniques, dielectric barrier
discharge plasma was based on the use of a discharge electrode
plate covered with a dielectric barrier of quartz [15]. Electric
discharges generated in water induced different physical and
chemical effects like high electric ﬁelds, UV irradiation, over-
pressure shock waves, and the formation of active species like
atomic oxygen O, hydroxyl radical OH, ozone radical ions,
hydrogen peroxide, hydroperoxyl radicals, and ozone are gen-
erated, which are capable of oxidizing organic pollutants [16–
18]. However, some disadvantages of single DBD plasma, high
energy consumption and low mineralization efﬁciency, limit
the wide spread use of this technology.
Goethite is one of the most thermodynamically stable iron
oxide [19] and formed close-packed array of O2 and OH
anions with Fe3+. During last decades, iron minerals have
drawn signiﬁcant interest for their potential application in
the ﬁeld of wastewater treatment due to their excellent absorp-
tion and catalytic capacities [20,21]. Recently, Lin et al. [22]
found that more than 99% of 2,4,4-trichlorobiphenyl was
degraded in a goethite-catalyzed Fenton-like system due to
the increase inOH radical concentration. Zhou and co-
workers [23] designed a novel heterogeneous sonophotolytic
goethite/oxalate Fenton-like system (SP-FL) for removal of
sulfamethazine. Compared with Fenton-like system, they
found that SP-FL system could achieve synergistic degrada-
tion of antibiotic sulfamethazine. However, no relevant infor-
mation (to our best knowledge) was provided regarding
degrading of PPCPs combined with dielectric barrier discharge
plasma with goethite catalysts.
In the present study, the degradation of aqueous caffeine
was conducted using a DBD plasma with goethite catalysts
for the ﬁrst time. In order to provide a theoretical and techni-
cal reference for the application of caffeine degradation by
catalysts-plasma, the effect of goethite on pollutants degrada-
tion was investigated and its degradation mechanism was dis-
cussed. Furthermore, the degradation pathways of caffeine
were also discussed preliminarily.
2. Experimental
2.1. Materials
Caffeine (C8H10N4O2) was purchased from Sigma–Aldrich,
goethite (FeOOH) was kindly provided by Zhenjiang ChemicalPlease cite this article in press as: J. Wang et al., Removal of caﬀeine from water by
Saudi Chemical Society (2016), http://dx.doi.org/10.1016/j.jscs.2016.08.002Reagent Co. Ltd, all other chemicals and solvents were of ana-
lytic grade and without any puriﬁcation (Aladdin Inc.), and all
solutions were prepared in ultrapure water (R= 18.25 MX,)
which was puriﬁed by a Milli-Q Gradient system (Millipore,
Molsheim, France).
2.2. Experimental reactor and method
The schematic of plasma-catalyst system (Fig. 1(a)) was
described by our previous literature [24]. The plasma system
consisted of a high voltage alternating current (AC) power
source (CTP-2000 K, Nanjing Suman Electronics Co., Ltd.,
China) and a plasma reactor. The electrodes were in air and
it was a ﬁlamentary discharge. The actual discharge phe-
nomenon is shown in Fig. 1(b). The discharge voltage and cur-
rent were measured by an oscilloscope (TDS3032, Tektronix),
which was displayed in Fig. S1. The equivalent voltage and
current per delivered could be integrated by the area of corre-
sponding state variables, and input power was calculated by
the following equation.
P ¼ 1
T
Z T
0
UðtÞ  IðtÞ  dt ð1Þ
The main device used to treat the caffeine solution was
DBD reactor containing a quartz reaction still and elec-
trodes (Fig. 1(c)). The distance between catalysts and electric
barrier was about 1 cm. The reaction still was placed in the
center of two aluminum electrodes. The goethite catalysts
were placed into the quartz reaction still and suspended in
the solution. The goethite concentration was adjusted by
adding different quantity of goethite. The liquid circulation
system was driven by two peristaltic pumps with a ﬂow rate
of 50 mL min1.
In this study, 100 mL caffeine solution with the initial con-
centration of 50 mg L1 was pumped into the plasma reactor
and was made to ﬂow through goethite in the reaction still
with reaction duration of 24 min. The residence time (RT)
of plasma reactor was about 18 s. Each sample (1.5 mL)
was taken every 4 min. Actually, most oxidants (e.g. OH,
H) produced in the discharge plasma always exit for an
extremely short time except for O3 and H2O2. In order to
avoid the effect of residual oxidants on the toxicity test,
2 mg Na2S2O3 was added into 100 mL reaction solution to
quench the oxidants (e.g. O3, H2O2). Prior to the experiment,
the reaction was still placed in dark for 60 min to ensure that
the adsorption–desorption equilibrium of caffeine on the sur-
face of goethite.
2.3. Characterization
Crystal phase of samples were obtained by X-ray diffraction
(XRD, D/Max-rB, Japan Rigaku Corporation) with Cu Ka
radiation source of wavelength 0.1541 nm in the range of 3o
to 70o with a scanning speed of 4o min1.
The speciﬁc surface area, the pore volume and the pore
diameter of the catalysts and other samples were determined
by the N2 adsorption–desorption isotherms (NOVA 3000e)
at the liquid-nitrogen temperature.
The morphologies of the goethite was analyzed by a scan-
ning electron microscopy (Hitachi S - 3400N II).combining dielectric barrier discharge (DBD) plasma with goethite, Journal of
Figure 1 Schematic diagram of the experimental setup.
Removal of caffeine from water 32.4. Analytical method
The caffeine concentration was monitored by a high perfor-
mance liquid chromatography system (HPLC, Dionex Ulti-
Mate 3000) with a C18 analytical column (4.6  150 mm,
5 lm, Akzo Nobel, Netherlands) and UV detection wavelength
of 273 nm. The mobile phase consisted of 60% methanol and
40% water and the ﬂow rate was 1.0 mL min1 with injection
volume of 20 lL. Furthermore, the UV–Vis absorbance spec-
trum of caffeine was recorded by Shimadzu UV1750.
Ozone concentration was detected according to CJ/
T3028.2–94 (Chinese Standard). For H2O2 measurement is
based on the method of previous literature [25]. The acute tox-
icity assays were carried out according to the standard toxicity
measurement protocol [26].
The identiﬁcation of caffeine and its degradation intermedi-
ates were performed by a Thermo Finnigan Surveyor Modular
HPLC system with a Finnigan LCQ Advantage MAX ion trap
mass spectrometer (LC–MS) and separated by a C18 HPLC
column (150  2.1 mm, 3 lm Thermo, USA). The mobile
phase consisted of 60% methanol and 40% water with a steady
ﬂow rate of 0.2 mL min1. An electrospray interface (ESI) was
used with the following conditions: The injection volume,
10 lL; the spray voltage, 4.5 kV; the ion-transfer capillary tem-
perature, 200 C, respectively. The nebulizer and sheath gas
ﬂow rate were 35 arbitrary unit loaded by nitrogen and the col-
lision gas pressure was 0.25 MPa by argon. The spectra were
obtained both in negative and positive ion scan mode with
the m/z range from 60 to 600.
3. Results and discussions
3.1. XRD and SEM analyses of goethite
SEM images (Fig. 2(a) and (b)) revealed the individual cells of
goethite ﬁbers with a length of approximately 1–2 lm. XRD
patterns are shown in Fig. 2(d), the main diffraction peaks
could be found at (110), (130), (021), (111), (140), (220),
(141), (151) and (002) respectively, which was consistent with
the spacing planes of goethite (JCPDS 29–0713). The XRD
patterns and SEM images of used goethite catalysts were the
same with that of fresh one (Fig. 2(c) and (d)). These resultsPlease cite this article in press as: J. Wang et al., Removal of caﬀeine from water by
Saudi Chemical Society (2016), http://dx.doi.org/10.1016/j.jscs.2016.08.002conﬁrmed that crystal structure and morphology of goethite
had no change after their use in the DBD plasma reactor.
The surface area of goethite before and after were similar
(Table S1), indicated that plasma electric discharge process
had no effect on the pore structure of goethite.3.2. Synergetic degradation
3.2.1. Effect of goethite concentration
The effect of goethite concentration on the degradation efﬁ-
ciency in the reaction system was shown in Fig. 3(a). The input
power was 75 W and the initial concentration of caffeine was
50 mg L1. The removal efﬁciency of caffeine was only 41%
in single DBD plasma after a 24 min treatment. However,
when goethite concentrations in solution increased from 0.8
to 3.2 g L1, the removal efﬁciency of caffeine was improved
from 67% to 98%. In addition, the goethite alone had no
effect on the degradation of caffeine without DBD plasma
(Fig. 3a). Based on the above results, we could conclude that
goethite improved the removal efﬁciency of caffeine of DBD
plasma system.
In the plate type DBD system under air atmosphere, active
species O3 and H2O2 were produced as the following reactions.
The bond energy of oxygen was 5.12 eV [27]. After acquiring
energy from electric ﬁeld, O was produced by the direct elec-
tron impact dissociation [28]. This latter interacted then with
oxygen molecules in the bulk gas to form ozone as reaction
3 [15]. The ozone and O dissolved in water could generate
OH which was believed to play a key role in the degradation
process of most organic pollutants [24,29]. As a result, caffeine
might be decomposed in a series of reactions with active
species.O2 þ e! O ð2Þ
O þO2 ! O3 ð3Þ
O þH2O! 2OH ð4Þ
O3 þ OH! OH2 þO2 ð5Þ
2OH2 ! H2O2 þO2 ð6Þcombining dielectric barrier discharge (DBD) plasma with goethite, Journal of
ac
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Figure 2 (a) and (b) SEM images of goethite before reaction, (c) SEM image of goethite after reaction and (d) XRD pattern of goethite.
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Caffeineþ active species ðOH;O;O3; etcÞ ! products ð8Þ
As demonstrated by above experimental results that addi-
tion of goethite catalysts could signiﬁcantly enhance the
removal efﬁciency of caffeine in the solution. There were sev-
eral factors that could be accounted for this phenomenon.
The concentration of ozone of aqueous solution was mea-
sured as shown in Fig. 3(b). Both in the reaction solutions with
or without goethite catalysts, the trend of ozone generation
was the same that O3 concentration increased with increasing
discharge time, and the ozone concentration in the solution
with goethite catalysts was lower than that without goethite
(Fig. 3(b)). In the absence of goethite, the ozone concentration
reached a maximum and remained at constant of 9.8 mg L1
after discharge time of 4 min. These results indicate that the
decomposition rate of O3 in the solution was accelerated by
adding goethite catalysts to generate secondary oxidizing
agent, such as OH, and reacted with caffeine molecules and
its intermediates. Muruganandham et al. [30] found that a-
FeOOH was a stable and efﬁcient catalyst for decomposition
of ozone in aqueous medium and did not alter the goethite
morphology and its composition.
FeOOHþO3 ! OH ð9Þ
Zhang et al. [31] reported that the catalytic activity of syn-
thetic a-FeOOH in promoting OH generating from aqueous
ozone was found to be reversely related to the IR stretching
frequencies of surface hydroxyl groups. The results demon-Please cite this article in press as: J. Wang et al., Removal of caﬀeine from water by
Saudi Chemical Society (2016), http://dx.doi.org/10.1016/j.jscs.2016.08.002strated that the weak surface FeO–H bonds were favorable
sites for producing OH from aqueous ozone. During our
experiment, the pH values of reaction solution was decreased
with increasing reaction time (insert ﬁgure of Fig. 3(c)). The
reason was that air discharge would certainly produce NOx
which caused the acidiﬁcation of the solution. Brieﬂy, the
NOx might be produced via excited electronic states, whose life
was short [27,32]:
N2 þ e ! N2ðA3
P
Þ þ e ð10Þ
N2ðA3
P
Þ þO ! NOþNð2DÞ ð11Þ
NOþO ! NO2 ð12Þ
Nð2DÞ þNO! N2O ð13Þ
Then, the interception of NOx by water molecules gener-
ated nitrous acid (HONO) and nitric acid (HNO3) [33]. In this
case, the charge state of surface hydroxyl groups were chan-
ged. Protonated hydroxyl groups predominated when the solu-
tion pH was far below the surface equilibrium constants of
goethite (pKa1 = 6.4) [30].
BFeOHþHþ ! BFeOHþ2 ð14Þ
In addition, the effect of pH on the removal efﬁciency of caf-
feine was investigated in Fig. 3(c) by changing the initial pH of
solution. The results indicated that goethite-DBD plasma sys-
tem displayed a better performance on the degradation of caf-combining dielectric barrier discharge (DBD) plasma with goethite, Journal of
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Figure 3 (a) Effect of goethite concentration on the removal
efﬁciency, (b) Changes of O3 and H2O2 concentration in the
solution without caffeine and (c) effect of pH on the removal
efﬁciency (insert ﬁgure was the change of pH during experiment).
Removal of caffeine from water 5feine at neutral condition. Resonance structure of ozone gave
ozone both an electrophilic and nucleophilic character [34].
Therefore, ozone could combine with H atom and O atom
of surface hydroxyl groups of goethite. This combinationPlease cite this article in press as: J. Wang et al., Removal of caﬀeine from water by
Saudi Chemical Society (2016), http://dx.doi.org/10.1016/j.jscs.2016.08.002promoted the decomposition of ozone to form OH radical
[35]. The acidiﬁcation and alkalization of the aqueous solution
weakens the nucleophilicity of the O atoms of surface hydroxyl
groups, which prohibited the interaction of hydroxyl groups
with O3 [30,31]. Finally, the removal efﬁciency of caffeine
was decreased with altering the initial pH of reaction solution.
Second, the band gap of goethite was 2.1 eV corresponding
to absorption wavelength of 590 nm [36]. Previous researches
had demonstrated that wavelength of UV light emitted from
plasma was in the range of 315–380 nm, and intensity of UV
light was less than 4000 a.u. Clearly, even though the UV
intensity generated by plasma was small, it could simulate
the photocatalytic activity of goethite and produced some
reactive oxidative species like Eqs. (15)–(17) [37–39]. These
reactive species would attack caffeine molecules and make
the contribution to the overall removal process.
Goethiteþ hm ! e þ hþ ð15Þ
H2Oþ hþ ! Hþ þ OH ð16Þ
O2 þ e ! O2 ð17Þ
Moreover, in the DBD system, active species, H2O2, was
produced, which played a signiﬁcant role in the degradation
of the target contaminants [40]. The concentration of H2O2
increased to 2.8 mg L1 within 4 min (Fig. 3(b)), caused by
the discharging process and formation of plasma active spe-
cies. After 4 min, the H2O2 concentration slightly decreased,
implying that hydrogen peroxide was decomposed as the reac-
tion process. In another way, the concentration of H2O2 in caf-
feine solution without goethite was also higher than that with
goethite (Fig. 3(b)). The heterogeneous Fenton degradation of
caffeine was carried out at this conditions on the surface of
goethite in the suspensions. Previous research [41,42] had sug-
gested the following chain reactions in iron mineral catalyzed
oxidation system. The symbol () represented the solid surface
of goethite.
BFe3þ þH2O2 ! BFeðOOHÞ2þ þHþ ð18Þ
BFeðOOHÞ2þ ! BFe2þ þHO2 ð19Þ
BFe2þ þH2O2 þHþ ! BFe3þ þH2Oþ OH ð20Þ
As a direct product of Fenton reaction, hydroxyl radical
would be continuously produced, which made the contribution
to the degradation of caffeine. According to the above results,
goethite had an important effect on the improvement of caf-
feine degradation efﬁciency in DBD plasma reactor. However,
the exact contribution of each mechanism of goethite improv-
ing the elimination efﬁciency of caffeine in DBD plasma sys-
tem was not clear due to the limitation of detecting technology.
3.2.2. Effect of initial caffeine concentration
The effect of initial concentration on the removal of caffeine
was investigated. The input power was 75 W and the concen-
tration of goethite was 2.5 g L1. As illustrated in Fig. 4(a),
the degradation efﬁciency of caffeine was directly related to
initial concentration. With the decrease in initial concentra-
tions from 100 to 25 mg L1, the degradation efﬁciency of caf-
feine increased from 39% to 61% in single DBD reactor, while
the degradation efﬁciency of caffeine increased from 91% tocombining dielectric barrier discharge (DBD) plasma with goethite, Journal of
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Figure 4 Effect of (a) initial concentration of caffeine, (b) input
power and (c) different radical scavengers on the removal
efﬁciency of caffeine.
6 J. Wang et al.99% in DBD-goethite system after a 24 min treatment. A
higher initial concentration of caffeine meant more caffeine
molecules and its intermediates existed in solution while the
amount of reactive species generated in reaction system wasPlease cite this article in press as: J. Wang et al., Removal of caﬀeine from water by
Saudi Chemical Society (2016), http://dx.doi.org/10.1016/j.jscs.2016.08.002constant at the same conditions, which led to a more intensive
competition for reactive species and the decline of degradation
efﬁciency.
3.2.3. Effect of input power
Fig. 4(b) showed the effect of input power on the degradation
of caffeine. The initial concentration of caffeine was 50 mg L1
and the concentration of goethite was 2.5 g L1. It was clear
that increased input power improved caffeine degradation.
The removal efﬁciency of caffeine was only 24% at input
power of 60 W, while removal efﬁciency of caffeine reached
51% at input power of 90 W in DBD system. Higher input
power promoted the electron participation rates [43], which
provided a stronger electric ﬁeld and enhanced the intensity
of active particles collision. Then more active species were gen-
erated which led to a higher removal efﬁciency of aqueous
caffeine.
3.2.4. The effect of radical scavengers
Plasma generated in electrical discharges in liquid or at the
gas–liquid interface led to the formation of several oxidizing
species: radicals (H and OH) and molecules (H2O2, O3,
etc.). These active species would react with caffeine. In order
to identify the role of these radicals, a series of diagnostic
experiments were conducted by adding different radical scav-
engers during the degradation process. The initial concentra-
tion of caffeine was 50 mg L1 and the concentration of
goethite was 2.5 g L1 with an input power of 75 W. As shown
in Fig. 4(c), with no addition into DBD-goethite system, the
removal efﬁciency of caffeine was 94% in 24 min. In the pres-
ence of 2.50 mL L1 iso-propyl alcohol, an efﬁcient OH
quencher [44], the degradation efﬁciency of caffeine dropped
to 76%. These results conﬁrmed that reaction with OH was
a major pathway of caffeine degradation.
ðCH3Þ2CHOHþ OH! ðCH3Þ2COHþH2O ð21Þ
As a hydrogen radical (H) scavenger, CCl4 could quench
H in solution (reaction 22) [45]. As shown in Fig. 4(c), the
removal efﬁciency of caffeine reached 99% by adding 0.1 mL
CCl4 into DBD-goethite reaction system, which was 5.5%
higher than that with on addition. The decrease inH concen-
tration inhibited the frequency of recombination between
hydrogen atom with hydroxyl radical. As a result, the degrada-
tion rate of caffeine increased.
CCl4 þ H! CCl3 þHCl ð22Þ
Hþ OH! H2O ð23Þ
200 mg L1 EDTA was added into reaction solution,
which was a commonly holes acceptor [46]. The removal
efﬁciency of caffeine decreased from 94% to 82%, suggesting
that holes promoted the degradation of caffeine in an aqueous
solution. The degradation kinetics of caffeine under several
factors is shown in Fig. S2.
3.2.5. Energy yield
The energy yield Y (g kW1 h1) was used to compare the
results at different initial concentrations of caffeine, input
power, goethite concentration and radical quenchers. The
energy yield Y could be calculated by the following equation
[24].combining dielectric barrier discharge (DBD) plasma with goethite, Journal of
Removal of caffeine from water 7Yðg  kW1  h1Þ ¼ C0Vg
Pt
ð24Þ
where C0 was the caffeine initial concentration (g L
1), V was
the volume of reaction solution (L), g was the removal rate of
caffeine (%), P was the input power (kW) and t was the reac-
tion time (h).
In general, the energy yield decreased with an increasing
removal efﬁciency of caffeine (Fig. 5). This could be
explained that less caffeine and more intermediates existed
in solution for continuous degradation, which led to less
collision opportunities between caffeine molecules and active
radicals, ﬁnally resulting in the decrease in energy efﬁciency.
For the same removal efﬁciency of caffeine, the energy yield
increased with increasing goethite concentration (Fig. 5(a)).
These phenomena conﬁrmed that adding goethite would
dramatically promote the energy efﬁciency of DBD reaction
system. With the increasing initial concentration from 25 to
100 mg L1, energy yield was improved from 0.051 to
0.131 g kW1 h1 in sole DBD plasma, while from 0.083
to 0.303 g kW1 h1 in DBD-goethite system (Fig. 5(c)).
Obviously, a higher initial concentration resulted in a greater
energy efﬁciency, which implied that DBD plasma exhibited a
better energy performance on the removal of a higher
concentration caffeine. Fig. 5(b) showed the value of energy0 20 40 60 80 100
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Figure 5 Effect of (a) initial concentration of caffeine, (b) input powe
the energy yield.
Please cite this article in press as: J. Wang et al., Removal of caﬀeine from water by
Saudi Chemical Society (2016), http://dx.doi.org/10.1016/j.jscs.2016.08.002yield almost kept a constant of 0.06 g kW1 h1 in DBD
plasma reactor. However, the energy efﬁciency increased with
the increasing input power in composite DBD-goethite
system. Meanwhile, the energy yield showed the same trend
as the removal efﬁciency when different quenchers were
added into reaction system (Fig. 5(d)). Finally, it was
concluded that a higher initial concentration, input power,
catalysts concentration and lower removal efﬁciency always
resulted in a higher energy yield, and the addition of goethite
could signiﬁcantly improve the performance of energy
efﬁciency.
These results implied that the addition of goethite catalysts
could promote the removal efﬁciency of caffeine and energy
yield through several mechanisms. Compared to our previous
literature [24] for removing triclocarban by DBD plasma com-
bined with TiO2/activated carbon ﬁbers, the energy yield were
similar, where expensive raw materials were required, goethite
catalysts might provide a practical and low cost approach for
elimination of caffeine from water.
3.3. Effect of ozone
To further investigate the role of ozone in the experiment, pure
ozone was purged into the solution containing 50 mg L10 20 40 60 80 100
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r, (c) goethite concentration and (d) different radical scavengers on
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8 J. Wang et al.caffeine without DBD plasma system. As shown in Fig. 6(a),
the relative concentration (Ct/C0) decreased, reaching 0.054
and 0.276 for DBD-goethite plasma system and ozone
treatment alone after 24 min, respectively. The results
suggested that the contribution of ozone on the total oxidation
process of caffeine was about 73% in plasma reactor. Our
experiment conﬁrmed that ozone played an important
role in the degradation of caffeine by DBD-goethite plasma
system.
3.4. Mineralization
The mineralization of caffeine (50 mg L1) in DBD-goethite
plasma reactor was evaluated by monitoring the changes of
total organic (TOC) in the solution with 2.5 g L1 goethite cat-
alysts. The results are shown in Fig. 6(b), more than 20% caf-
feine was oxidized to CO2 indicating that DBD plasma
combined with goethite which had a high performance on
the mineralization efﬁciency of caffeine than DBD plasma
alone and were more likely to oxidize caffeine to nontoxic
products.1th 2nd 3th 4th 5th
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(c) The recyclability of goethite in DBD plasma for caffeine removal (1
75 W) and (d) acute toxicity evolution of degraded caffeine solution:
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To evaluate the recyclability performance of goethite for
wastewater treatment, the experiment was studied with
the following conditions: the input power of 75 W with
50 mg L1caffeine concentration (concentration of goethite
was 2.5 g L1). The reuse experiment of catalysts was repeated
ﬁve times without any treatment. As shown in Fig. 6(c), the
degradation efﬁciency of caffeine had a minor decrease and
remained about 89% after ﬁve catalytic runs, which was
48% higher than that in sole DBD plasma. Experimental
results demonstrated goethite had an excellent and stable per-
formance on recyclability for caffeine removal.3.6. Toxicity evaluation
The change of acute toxicity of caffeine solution (50 mg L1)
was evaluated by monitoring evolution of natural emission
of luminescent bacterium P. phosphoreum T3 spp in samples
after different reaction times (0, 4, 8, 12, 16, 20 and 24 min).0 4 8 12 16 20 24
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Table 1 Summary of identiﬁed intermediates determined by LC–MS upon degradation of caffeine in DBD-goethite reaction system.
Compound Molecular formula Structure RT (min) Molecular ions (m/z)
Caﬀeine C8H10N4O2
N
N
O
O
N
N
4.396 195.00 ([M+H])
C1 C8H12N4O2
N
N
CHO
O
N
N
3.074 195.70 ([M-H])
C2 C8H12N4O3
N
N
COOH
O
N
N
2.801 211.70 ([M-H])
C3 C8H12N4O5
N
N
COOH
O
N
N
O
OH
3.085 243.7 ([M-H]+)
C4 C8H14N4O6
N
N
COOH
O
N
NH
COOH
OH
4.163 264.92 ([M+H]+)
C5 C6H6N4O2
HN
N
H
O
O
N
N
2.793 165.72 ([M-H]+)
C6 C1H6N2O
H2N
HN
OH
2.780 61.90 ([M-H]+)
C7 C8H10N4O4
N
N
O
O
N
N
O
OH
2.813 225.71 ([M-H]+)
C8 C8H12N4O3
N
N
O
O
N
NH2
CHO 2.801 211.70 ([M-H])
C9 C8H12N4O5
N
N
O
O
N
NH2
CHO
O
O
3.085 243.7 ([M-H]+)
C10 C8H10N4O4
N
N
O
O
N
NO
CHO 2.813 225.71 ([M-H]+)
C11 C8H10N4O5
N
N
O
O
N
NO
COOH 2.825 241.70 ([M-H]+)
(continued on next page)
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Table 1 (continued)
Compound Molecular formula Structure RT (min) Molecular ions (m/z)
C12 C8H10N4O6
N
N
O
O
N
NO
CHO
O
O
2.831 257.7 ([M-H]+)
C13 C8H8N4O9
N
N
O
O
N
NO
COOH
COOH
O
O
2.842 303.7 ([M-H]+)
C14 C2H4N2O3
HN
NH2
COOH
O
2.784 103.7 ([M-H]+)
10 J. Wang et al.Before toxicity test, 2 mg Na2S2O3 was added to 100 mL reac-
tion solution to quench the oxidant (e.g. O3, H2O2) and each
sample was adjusted to 3% salinity and neutral. Fig. 6(d)
showed the relative inhibition rate (I%) of natural emission
in collected samples. It was observed that the original caffeine
solution had a low relative inhibition rate of 10%. After a
4 min reaction, the relative inhibition rate of samples in both
DBD and DBD-goethite systems slightly increased and
reached 17% and 22%, respectively. It should be noted that
the values of I in both reaction systems after 8 and 12 min
degradation were minus. This phenomenon might be explained
that a lower concentration of caffeine solution and some short
chain compounds including carbon and nitrogen elements
were obtained for the continuous degradation process, and
these materials could be used as energy source or stimulant
for bacterium. However, the relative inhibition rate gradually
reached a steady state in both systems with further reaction,
which indicated that the caffeine solution after a 24 min degra-
dation in DBD and DBD-goethite system nearly had no effect
on the bacterium either in inhibition or stimulation state. The
difference was that the range ability of inﬂuence in DBD-
goethite system was smaller than that in DBD system.
3.7. Proposed degradation pathways of caffeine
The degradation of caffeine and the formation or decomposi-
tion of intermediates in DBD-goethite system were monitored
by LC–MS analysis, which could be used to propose elemental
compositions for the protonated or sodiated adducts of the
detected components as well as their characteristic molecule
ions. In general, 14 intermediates were identiﬁed and 4 degra-
dation pathways were proposed in this process, in which C1,
C5 and C13 had never been reported before as well as path-
ways 3 and 4. The molecular formulas, structure retention
times and molecular ions are summarized in Table 1, and four
possible degradation pathways are shown in Fig. 7. Caffeine
molecule was identiﬁed with a positive mode (m/z at 195).
The compound marked as C7 with a negative mode (m/z at
225.71) was likely the intermediate of radical oxidation accord-
ing to a previous study [47], which contained two additional
oxygen atoms over caffeine molecule. This compound wasPlease cite this article in press as: J. Wang et al., Removal of caﬀeine from water by
Saudi Chemical Society (2016), http://dx.doi.org/10.1016/j.jscs.2016.08.002generated by a ring opening due to the attack of OH to the
C = N double bond of caffeine molecule. Moreover, the com-
pounds C10, C11 and C13 might be the succeeding products of
C7 via further oxidation. C11 was the product of C10 for the
further oxidation of –CHO to –COOH. The compound C13
was likely originated from the breaking of 1C = 2C bond
and oxidation of methyl (–CH3) of compound C11. The above
pathway was deﬁned as pathway 1. Ion mass chromatographs
of intermediates could be found in Fig. S3.
In pathway 2, C8 was detected in a negative mode with a m/
z of 211.70. The compound C8 was originated from C7 for that
the N-CO bond was replaced by a hydrogen atom. Since the
further attack of active species to C = C bond of C8, two car-
bonyl groups were generated on the carbon bonding with
nitrogen, which resulted in the formation of C9. C12 was the
degraded produce of C9 with the oxidation of –NH2 to –
NO. Moreover, the oxidation of methyl and –CHO of C12
led to the generation of C13. However, pathways 1 and 2 were
not mutual independence. C8 could be decomposed into C10
for the oxidation of –NH2 to –NO, and C10 might be degraded
to C12 as the breakdown of C = C double bond.
The detected compounds C1 (m/z at 195.70), C5 (m/z at
165.72) and C13 (m/z at 303.70) in a negative mode had never
been reported before. In pathway 3, the compound C1 was
originated from caffeine molecule via the breakdown of 2C-
3C bond. C2 was the consequent degraded product of C1 for
the further oxidation of –CHO to –COOH. Moreover, C3
and C4 were generated from C2 for the continuous oxidation
of C = N double bond. In pathway 4, the formation of C5
(m/z at 165.72 in a negative mode) was due to the demethyla-
tion of caffeine molecule. C6 was detected in a negative mode
with a m/z of 61.9, which was likely the degradation product
for the fracture of 1C-11 N and 2C-12 N. However, the precur-
sor of C6 and the byproduct were not detected in either a pos-
itive or negative mode.
Among all intermediates, C14 (m/z at 103.7 in a negative
mode) was a highly oxidized product, which could be origi-
nated from C4, C5 and C13 for the breakdown of 1C-6 N
and 2C-3C bonds and the demethylation when compounds
got the attack of radical species. Interestingly, the process from
C4, C5 and C13 to C14 was not a one-step procedure, andcombining dielectric barrier discharge (DBD) plasma with goethite, Journal of
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Figure 7 Proposed degradation pathway of caffeine in DBD-goethite system.
Removal of caffeine from water 11some other intermediates must exist in between, but none of
them have been reported before.
4. Conclusions
DBD plasma combined with goethite was investigated for
elimination of caffeine from water. The removal efﬁciency ofPlease cite this article in press as: J. Wang et al., Removal of caﬀeine from water by
Saudi Chemical Society (2016), http://dx.doi.org/10.1016/j.jscs.2016.08.002caffeine (50 mg L1) was markedly improved from 41% to
94% when goethite catalysts (2.5 g L1) were added into
DBD plasma system with an input power of 75 W after
24 min. Meanwhile, the energy efﬁciency was enhanced by
1.6 to 2.3 times. DBD-goethite system exhibited an excellent
performance for caffeine removal on degradation and energy
efﬁciency. Reaction with hydroxyl radical was the maincombining dielectric barrier discharge (DBD) plasma with goethite, Journal of
12 J. Wang et al.degradation pathway of caffeine solution. Product analysis
indicated that there were four transformation pathways of
caffeine during the reaction.
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